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Objectives: This study investigated the efficacy of working memory training for improving working
memory capacity and related auditory stream segregation in auditory processing disorders children.
Methods: Fifteen subjects (9-11 years), clinically diagnosed with auditory processing disorder
participated in this non-randomized case-controlled trial. Working memory abilities and auditory stream
segregation were evaluated prior to beginning and six weeks after completing the training program. Ten
control subjects, who did not participate in training program, underwent the same battery of tests at time
intervals equivalent to the trained subjects. Differences between the two groups were measured using a
repeated measures analysis of variance.
Results: The results of this study indicated children who received auditory working memory training
performed significantly better on working memory abilities and auditory stream segregation task than
children do not received training program.
Discussion: Results from this case-control study support the benefits of working memory training for
children with auditory processing disorders and indicate that training of auditory working memory is
especially important for this population.
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Introduction
Auditory processing disorder (APD) is defined as
ineffective and/or inefficient use of auditory
information by the central auditory nervous system
(CANS) and characterized by poor discrimination,
separation, grouping, localization, or ordering of
sounds (1). APD children have typically difficulties
in ‘listening’, particularly in a noisy environment,
despite normal peripheral function (1,2). The
incidence of APD has been estimated to be as high
as 3 to 5 percent and is more common than the
incidence of hearing loss (2-4). APD has attracted
considerable interest in school-age children, because
of suspicions that an impairment in auditory
perception can be the underlying cause of many
*

learning problems, including specific reading and
language disabilities (5). According to the American
Speech-Language-Hearing, Association (ASHA)
technical report, although individuals who have
APD exhibit sensory processing deficits that are
more pronounced in the auditory modality, but
sensory processing in the central nervous system
necessarily modulated by concurrent stimulation
from other sensory modalities and top-down
influences such as working memory (WM), attention
and language (1). Thus APD cannot be defined as an
exclusively modality-specific perceptual dysfunction
because the brain is non-modular.
Working Memory refers to a system that provides
temporary storage of the information and
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manipulates them for complex cognitive tasks (6-8)
including process involving acoustic percepts from
one’s environment (9,10). This system comprises
separate stores for verbal (phonological loop) and
visual information (visuo-spatial sketchpad) which
are controlled by a central executive that has limited
attentional capacity and is responsible for the
manipulate of information (11,12). The concept of
working memory capacity (WMC) becomes
important due to a fundamental limitation of the
nervous system that is everything cannot be
processed at the same time. Thus, it has been
proposed we have a limited pool of processing
resources (13). The capacity of WM depends on the
nature of the manipulation that has to be applied to
the information that is held in it (14). Previous
studies showed that working memory modulates
attention (15) and supports auditory processing and
speech recognition in noise.
Children with APD have poor speech perception
especially in noisy environments. This may be due
to a deficit in auditory stream segregation (16). The
ability to segregate a single target, such as a talker,
from a group of distracting signals commonly
referred to as auditory stream segregation or
auditory object formation (17). In the real world,
processing a speech stream most often occurs within
the context of other simultaneous sound streams,
whether on a city street or at the office. Accurate
segregation can be impaired in a noisy environment
in two ways. First, segregation can be impaired
when the cues related to target talker signal is simply
overwhelmed by the non-target signal. These cues
include temporal, spectral and spatial acoustic
properties (bottom-up or primitive cues). Second,
segregation can be affected when the non-target
signal places a cognitive load on attention and/or
working memory (top-down or schema-based cues)
(18). Previous researches showed that a relationship
exists between WMC and auditory stream
segregation ability (19-21). Specifically, auditory
stream segregation requires cognitive resources.
Therefore, it is reasonable to expect that individuals
with larger working memory capacities will perform
better on auditory stream segregation tasks.
In the present study, we used the Concurrent
Minimum Audible Angle (CMAA) for measuring
auditory segregation mediated by the segregation of
coincident sound sources on the basis of spatial cues.
Because different natural sound sources usually
come from different directions in space, the
spatial/localization cues have been used very
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extensively for the segregation of different talkers
(22). Perrott defined the CMAA as the threshold
separation angle required to distinguish two
concurrent sounds (23). The CMAA is more acute
when the sound sources are directly in front of
listeners than when the sources are toward the side.
According to Perrott the value of CMAAs in adults
showed a significant effect of azimuth, with CMAAs
of 4°-10° at the front increasing to 30°-45° at a
lateral displacement of 67° (23). A large number of
studies have investigated the effects of auditory
processing training (such as auditory temporal
training) on language skills and speech perception
but there is a little study investigated top-down skill
assessments such as working memory tasks and
attention, before and after training (24). Despite the
potential importance of working memory for speech
perception (auditory processing), there has been no
research attempting to modify working memory
capacity as a method of improving auditory stream
segregation.
The goal of this research is to improve auditory
stream segregation by investigating the short-term
effects of working memory training on WMC in
APD children. To investigate the effects of the
training, WMC and auditory stream segregation
assessments were performed before and after
training and were compared between the trained
group and an untrained control group.
Methods
Twenty-five APD children (19 males and 6 females;
mean age = 9.3 years, SD = 0.31, age range= 9-10
years) participated in this study. Participants were
assigned to either the training group (12 males and 3
females; mean age = 9.1 years, SD = 0.35) or the no
training control group (7 males and 3 females; mean
age = 9.45 years). All participants were right-handed
as assessed by the Edinburgh Inventory (25) and had
normal hearing and normal IQs (≥85 on Wechsler’s
Revised Intelligence Scale for children) (26).
Subjects underwent a comprehensive general
audiological assessment in order to provide
background data. The results of otoscopy,
tympanometry and speech discrimination scores
were normal. None of the participants had a history
of a neurological disease or injury. Subjects with
history of hearing impairment, ear diseases and
neurological difficulties were excluded from this
study. All participants gave written informed
consent to participate. This study was approved by
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the local ethical committee of the USWR with
number 1429.
APD subjects were recruited from audiology clinics
of University of Social Welfare and Rehabilitation
(USWR). APD Children had a clinical diagnosis of
auditory processing disorder according to “Multiple
Processing Auditory Assessment” subtests. Clinical
diagnoses were established by experienced clinicians
on the basis of a careful developmental history and a
test battery including the Dichotic Digit test, Pitch
pattern sequence test and monoral Selective
Auditory Attention Test. In order to relatively
homogeneity in APD group, only children who
displayed auditory deficits evidenced by poor
performance on all three auditory tests were
included in the study. This study is a nonrandomized observational case-control trials
comparing patients before and after-training.
Children in the experimental group underwent
working memory and auditory segregation tests
prior to and after six weeks following completion of
the training program. The training group received
twelve training sessions (45 minutes session, twice a
week) within six weeks following the initial
assessments. The control group underwent the same
battery of tests at a time interval equivalent to the
training program. Then APD children in control
group enrolled in training program. Both the
phonological loop and the central executive were
assessed in order to evaluate working memory
capacity. Two most reliable measures of
phonological loop and verbal working memory that
is widely used in studies are DF and non-word
repetition (27). The central executive has been
assessed by DB (28-30). DF assesses both attention
and short-term memory capacity, whereas DB
measures working memory capacity (31). DF and
DB were obtained using the digit span subtests of
the Wechsler Intelligence Scale for children. In each
case, digit span was measured for forward and
backward (reverse-order) recall of digit sequences.
The validated Persian non-word repetition test was
used in this study (32). The test consists of 40 nonwords which ranged in length from one to four
syllables. Subjects were instructed to repeat the nonword they had just heard. Performance in this task
was analyzed by counting the error percent for each
non-word length.
In this study auditory stream segregation was
assessed by CMAA. A two trail forced-choice
procedure was employed in this experiment.
Subjects were presented with pairs of tones of
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different frequency (500Hz & 800Hz), and asked
them to judge the relative location of the pair by
indicating whether the higher tone was to the left or
right the lower tone, on the right hand side of the
subjects. Testing took place using three reference
locations on a horizontal plane: 0°, 30° and 60°. For
each reference location, 10 test locations were
chosen on the basis of preliminary testing. Using a
criterion of 75% correct in each test location, we
measured CMAAs. Stimuli were generated using
MATLAB software (The Math works, Natick, MA)
and Sound forge software (v10 by Sonic Foundry)
with a sampling rate of 44.1 kHz. Stimuli were
presented through earphones, at 50 dB SL.
The training group of ADP children underwent
formal top-down auditory training and compared to
the non-trained group. To train auditory working
memory, we used rehearsal strategy. The training
involves overt cumulative rehearsal, in which
Children listen to a list of unrelated digits or words
(which was presented at different locations in this
study). Each time they hear a new digit or word,
they repeat the list from the beginning. For example,
the trainer begins the list” 5(right)-2(left)” by
saying, "5" and points to the proper location (right)
on a schematic diagram. The child repeats, "5" and
points to the same location. The trainer give the next
list item, "2" and points to the left position on the
chart. The child repeats, "5 right -2 left". When the
child remembers the list in correct order (with a
criterion of 3 in a row), the number of items per list
increases. During the sessions, if the child is
struggling to remember an item, the trainer can give
an auditory prompt. The difficulty level of the
training program (number of to-be-remembered
items) was manually set for each stage and session
based on individual performance, to maintain
average performance levels of approximately 70%
of trials correct. Participants are required to
complete 12 sessions over 6 weeks (2 sessions per
week), actively training for 45 minutes a day.
Analyses were performed for the 25 recruited
participants who met the study criteria and
completed the trial. Within group and betweengroup comparisons for the primary and secondary
working memory measures were conducted using
paired and independent t-test. Differences between
groups were measured using a repeated measures
analysis of variance with test session as the withinsubject factor and training group as the between
subject factor. A criterion of P <0.05 was used.
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Results
The mean scores and standard deviations of auditory
stream segregation and working memory abilities for
experimental and control group are shown in table
(1). The results indicated that CMAA increased as a

function of the laterality of the sources in all
children. A paired-sample t-test was conducted to
compare working memory tasks in experimental
group, before and after training program.

Table 1. Means and SDs of auditory stream segregation and working memory abilities pre- and post-treatment for experimental
and control groups.
Behavioral Tests
Working memory :
Non-word repetition
Digit Span Forward
Digit Span Backward
Auditory segregation:
CMAA 0°
CMAA 30°
CMAA 60°

Training group

Pre-training
Non-Training group

Training group

Post-training
Non-Training group

33.73 ± 2.76
3.93 ±0.79
2.80 ±0.67

34.1 ± 2.7
4.1 ± 0.73
2.9 ± 0.73

36.46 ± 1.5
5.06 ± 0.70
3.6 ± 0.50

34 ± 2.5
3.9 ± 0.56
2.8 ± 0.63

17.53 ± 5.38
35.50 ± 5.14
49.13 ± 5.08

17.1 ± 5.92
36.2 ± 5.03
48.2 ± 5.83

11.4 ± 2.87
23.96 ± 4.51
43.76 ±5.05

16.2 ± 6.77
35.35 ± 5.04
49.70 ± 5.96

There were significant differences in the scores for
non-word repetition, DB and DF before and after
training (P<0.001) in experimental group (Fig. 1).
The results of paired t-test indicated no significant
differences in working memory abilities in control
group before and after a time interval equivalent to

the training program (P>0.01). The results of
independent sample t-test showed significant
differences between experimental and control groups
for non-word repetition, DB and DF (P=0.006,
P<0.001, P=0.002 respectively) after training.

Fig 1. The mean scores of three working memory abilities in experimental group.

A repeated measure ANOVA was conducted to test
intervention effect on auditory stream segregation
using by CMAA. The results showed there were
significant difference between intervention and
control group on CMAA 0°, 30° and 60° over time,
F(3,21)=51.12, P<0.001, η2=0.88 . Fig (2) shows
means of CMAAs in different positions before and
after training in experimental group. The repeated
measures ANOVA revealed that the training group
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improved its performance in auditory stream
segregation as indicated by a significant main effect
of session. Univariate tests also indicated there were
significant intervention effect on individual
CMAAs, F(1,21)=19.22, P<0.001, η2=0.45 for
CMAA0°, F(1,21)=57.74, P<0.001, η2=0.71
CMAA30°, and F(1,21)=32.21, P<0.001, η2=0.58
for CMAA60°.
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Fig 2. Means of concurrent minimum audible angle before and after training in experimental group.

Discussion
This study investigated the effectiveness of informal
top-down auditory training using rehearsal strategy for
improvement auditory stream segregation. The trained
group showed improvements in working memory
capacity skills and auditory stream segregation tasks
after training. Previous studies showed that
performance in CMAA tasks become poorer in the
horizontal dimension as azimuth increases (23,33).
This was seen in the present data, where the angle of
separation increased at the more lateral positions in
APD children. The results of our previous research in
normal children (9-10 years) indicated that the mean
size of CMAA increased from 13° when the two
signals were presented from 0° azimuth to 20° and 45°
when they were presented from 30°and 60° azimuth
respectively. The finding of this study revealed that
APD children had poorer CMAA than age-match
normal hearing children. In this study experimental
group showed enhanced auditory stream segregation
skills as indicated by reduction in CMAA, after
auditory working memory training. Conway et al.
demonstrated that subjects with high working memory
capacity did better on auditory processing task
(dichotic listening) than did subjects with low working
memory (19). Moossavi et al. showed that working
memory capacity had significantly negative correlation
with auditory localization tasks in APD children (34).
The findings of this study are in line with studies
suggested that working memory underlies the auditory
processing performance.
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The results indicate that the auditory stream
segregation can be modified by auditory working
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models suggest that top-down influences guide
plasticity in primary sensory areas. We propose that
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system’s response to sound. Working memory is
known to be highly associated with language
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capacity may explain some of the variability in
perception of speech in noise or difficulty
environments. This evidence offers support for
further investigation into the potential benefits of
working memory training to improve speech
perception abilities in difficulty situations or noisy
environments in auditory processing disorders
population.
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